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Jörg Hausleiter, MD*
Munich, Germany
O B J E C T I V E S The aim of this study was to determine the impact of a reduced 100-kV tube voltage
on image quality and radiation exposure in a pre-deﬁned subgroup analysis of the international,
multicenter radiation dose survey PROTECTION I (Prospective Multicenter Study on RadiaTion Dose
Estimates Of Cardiac CT AngIOgraphy I) study.
B A C KG ROUND Cardiac computed tomography angiography (CCTA) has become a frequently
used diagnostic tool in clinical practice. Despite continually improving CT technology, there remain
concerns regarding the associated radiation exposure. A reduced tube voltage of 100 kV has been
proposed as an effective means for dose reduction in nonobese patients.
METHOD S The study assessed the relevant radiation dose parameters as well as quantitative and
qualitative diagnostic image quality data in a subgroup of 321 patients (100 kV: 82 patients; 120 kV: 239
patients), who were scanned at study sites that applied a 100-kV tube voltage in at least 1 patient.
Diagnostic image quality was assessed by an experienced CCTA investigator with a 4-point score
(1: nondiagnostic to 4: excellent image quality). Effective radiation dose was estimated from the
dose-length-product of each CCTA study.
R E S U L T S The use of the 100-kV scan protocol was associated with 53% reduction in CCTA median
radiation dose estimates, when compared with the conventional 120-kV scan protocol (p  0.001).
Although image noise signiﬁcantly increased by 26.3% with 100 kV, signal- as well as contrast-to-noise
ratios also increased by 7.9% (p  0.254) and 10.8% (p  0.027), respectively. Reduction of tube voltage
did not impair diagnostic image quality (median diagnostic score: 3.5 [3.25 to 3.75] vs. 3.5 [3.0 to 3.75]
for 100 kV vs. 120 kV; p  0.22).
CONC L U S I O N S In this nonrandomized PROTECTION I dose survey, reducing the CCTA tube
voltage to 100 kV in nonobese patients is associated with a signiﬁcant reduction in radiation exposure
while maintaining diagnostic image quality. Thus, the 100-kV scan technique should be considered for
CCTA dose reduction in adequately selected patients. (J Am Coll Cardiol Img 2009;2:940–6) © 2009 by
the American College of Cardiology Foundation
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941ith the introduction of 64-slice
computed tomography (CT), cardiac
computed tomography angiography
(CCTA) has emerged as a useful diag-
ostic imaging modality for the assessment of
oronary artery disease. The main field of applica-
ion is the examination of patients at intermediate
re-test probability for obstructive coronary artery
isease (1–3). Despite continuous improvements in
T technology, there remains concern regarding
adiation exposure. When performing 64-slice
See page 947
CTA, the effective radiation dose averages usually
etween 10 and 15 mSv, particularly depending on
he CT system, the scanning technique, as well as
atient-related factors (4). Therefore, various strat-
gies and new scanning methods have been devel-
ped to reduce radiation exposure. The interna-
ional PROTECTION I (Prospective Multicenter
tudy On RadiaTion Dose Estimates Of Cardiac
T AngIOgraphy I) study analyzed the extent of
CTA radiation dose estimates as well as the
mpact of different strategies to reduce dose in
linical practice (4).
Usually, CCTA is performed with a tube voltage of
20 kV. However, CCTA acquisition with 100-kV
ube voltage is also possible and has been suggested as
n effective means to lower radiation dose in nonobese
atients (5). So far, the effect of a reduced tube voltage
n image quality and radiation dose has only been
nvestigated in single-center studies with a small
umber of patients (5–7). These studies suggested
hat decreasing tube voltage significantly reduces ra-
iation dose without impairing image quality. The
im of this analysis was to determine the effect of
owering the tube voltage from 120 kV to 100 kV in
pre-defined subgroup analysis of a large prospective
ulticenter study concerning: 1) image quality; and
) radiation dose.
E T H O D S
tudy protocol. The methods of the PROTEC-
ION I study have been described in detail else-
here (4). In brief, 50 international study sites
rovided image data and scanning protocols of
onsecutive CCTAs performed during 1 month
ith the use of 16- or 64-slice CT systems. Image
ata as well as CCTA study details were collected
nd analyzed in a central CCTA core laboratory. A
otal of 1,965 patients were enrolled in the PRO- mECTION I study. The indications comprised the
isualization of coronary arteries or bypass grafts,
ombined examination of the coronary and pulmo-
ary arteries in chest pain patients, or visualization
f the cardiac anatomy before or after electrophysi-
logic procedures. In the current analysis only
atients examined at study sites that applied a
educed tube voltage of 100 kV in at least 1 patient
8 of 50 study sites) for visualization of coronary
rteries with a 64-slice CT system and with either a
00- or 120-kV tube voltage were included. The
can protocol including the selection of the tube
oltage was at the discretion of the performing
hysician. The study was approved by the ethics
ommittee, and all patients gave written informed
onsent as required at the individual study sites.
mage quality. To obtain objective indexes of image
uality, the image noise, signal-to-noise ratio, and
ontrast-to-noise ratio were determined for all
CTAs. The image noise was derived from the
veraged SDs of the CT attenuation values
Hounsfield units) inside of 2 large regions
f interest in the proximal segments of the
eft and right coronary arteries (Fig. 1).
he signal intensity was defined as the
ean attenuation values derived from the
ame 2 regions of interest. The signal-to-
oise ratio was calculated as mean CT
ttenuation values of the left and right
oronary arteries divided by image noise.
he contrast-to-noise ratio was defined as
he difference between the mean CT at-
enuation values of the proximal coronary arteries
nd the mean density of the left ventricular wall,
hich was divided by image noise.
Furthermore, a diagnostic image quality score
as assessed by an experienced CCTA core lab
eader who was blinded to the CCTA acquisition
etails in all 82 patients in the 100-kV group and in
ll 239 patients of the 120-kV group who were
canned at study sites that applied a reduced tube
oltage of 100 kV in at least 1 patient. The image
uality score was determined from the mean score
f the 4 main coronary arteries (left main, left
nterior descending, left circumflex, and right cor-
nary artery) on the basis of a 4-point grading
ystem:
core 1. Nondiagnostic. Reduced image quality that
recludes appropriate evaluation of the coronary
rteries.
core 2. Adequate. Reduced image quality because of
A B B
A N D
BMI
CCTA
tomog
CT
DLP
ECGotion, noise, or low contrast with an oR E V I A T I O N S
A C R O N YM S
bodymass index
 cardiac computed
raphy angiography
computed tomography
dose-length-productbvious
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942ffected assessment of the vessel but still sufficient to
ule out significant stenosis.
core 3. Good. Nonlimiting artifacts, reduced atten-
ation of vessel lumen, and/or calcification with
reserved evaluability of luminal stenosis as well as
laque characteristics.
core 4. Excellent. Complete absence of motion arti-
acts, good attenuation of vessel lumen, and clear
elineation of vessel walls, with the ability to assess
uminal stenosis as well as plaque characteristics.
stimation of radiation dose. The collected parame-
ers relevant to radiation dose included the volume
T dose index (CTDIvol) and dose-length-product
DLP), which were both obtained from the CT
can protocol of each CCTA study. The DLP was
he primary study outcome parameter. The calcu-
ation of the effective dose is based on a method
roposed by the European Working Group for
uidelines on Quality Criteria in CT (8), deriving
adiation dose estimates from the product of the
LP and an organ weighting factor for the chest as
he investigated anatomic region (k 0.014 mSv
mGy  cm]1 averaged between male and female
odels).
tatistical analysis. All parameters of the 100-kV
Measuring of Image Quality Data in a Proximal Left Main
Artery
interest (circle) in the left main coronary artery example illustrat-
ination of signal intensity (425 HU) and image noise (28 HU), as
in every patient in the left main and proximal right coronaryrotocol were compared with the standard 120- 0V protocol. Continuous variables were expressed
s median (interquartile range) and compared
ith the Wilcoxon rank sum test. Categorical
ariables were expressed as frequencies or per-
entages. The chi-square test was used to test
ifferences in frequency of categorical variables.
e performed a binary logistic regression analy-
is including weight and tube voltage as variables
nfluencing image quality, due to differences in
atients’ weight between both groups. For this
urpose we dichotomized the diagnostic image
uality score at the median of 3.5 (3.5 vs.
3.5). A p value 0.05 was considered statisti-
ally significant. All statistical analyses were per-
ormed with the software SPSS (version 16.0.1,
PSS Inc., Chicago, Illinois).
E S U L T S
n the PROTECTION I study a total of 1,965
atients underwent CCTA at 50 study sites.
mong these, 82 patients (4.2%) were scanned with
tube voltage of 100 kV. The current analysis
omprised 321 patients undergoing 64-slice CCTA
t study sites, that applied a reduced tube voltage of
00 kV in at least 1 patient (8 of 50 study sites). Of
hese, 82 patients were scanned with a tube voltage
f 100 kV, whereas 239 patients were studied with
tube voltage of 120 kV. Table 1 summarizes
atient and scanning characteristics of both groups.
he frequency of sinus rhythm and electrocardiog-
aphy (ECG)-dependent tube current modulation
s well as median heart rate and scan length did not
iffer significantly between groups. Although pa-
ient height was comparable in both groups, the
eight was significantly lower in patients examined
ith a 100-kV protocol, resulting in a significantly
educed body mass index (BMI) (24.2 [22.8 to
5.9] kg/m2 vs. 26.6 [24.3 to 29.2] kg/m2 for
00-kV vs. 120-kV tube voltage, p  0.001).
When using a tube voltage of 120 kV, the
TDIvol added up to 52.2 [39.2 to 61.9] mGy. In
ontrast, in patients examined with 100-kV tube
oltage, the CTDIvol was significantly reduced to
3.6 [18.9 to 29.7] mGy (p  0.001). Conse-
uently, the DLP was significantly lower with the
se of the 100-kV tube voltage protocol (376 [298
o 460] mGy cm vs. 808 [666 to 991] mGy cm
or 100-kV vs. 120-kV tube voltage, p  0.001).
edian estimated radiation dose was lowered from
4 mSv to 6 mSv when using the 100-kV protocol
ompared with a tube voltage of 120 kV (p Figure 1.
Coronary
Region of
ing determ
performed.001).
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943Table 2 displays the quantitative image quality
ata, including image noise, signal-to-noise ratio,
nd contrast-to-noise ratio depending on tube volt-
ge. Lowering tube voltage from 120 kV to 100 kV
esulted in an increased image noise by 26.3% (p 
.001) and increased signal intensity by even 35.6%
p  0.001). Furthermore, the median signal-to-
oise ratio (p  0.254) and contrast-to-noise ratio
p  0.027) increased by 7.9% and 10.8%, respec-
ively, when using the 100-kV protocol compared
ith the 120-kV protocol.
The diagnostic image quality score did not differ
etween the 100-kV and 120-kV protocol. Data
cquisition with a 120-kV tube voltage resulted in a
edian image quality score of 3.5 [3.0 to 3.75],
hereas image quality was rated comparable in
atients examined with 100 kV (median image
uality score 3.5 [3.25 to 3.75], p  0.22). Figure 2
isplays the diagnostic image quality score in both
roups. In the binary logistic regression analysis,
either patients’ weight (p  0.856) nor tube
oltage (p  0.096) had a significant impact on the
iagnostic image quality score. Figure 3 displays the
mage quality of 2 representative CCTAs acquired
Table 1. Patient and Scanning Characteristics of Patients Scann
in at Least 1 Patient
120 kV
n 239
Height, m 1.72 (1.63–1
Weight, kg 79.4 (68.0–9
BMI, kg/m2 26.6 (24.3–2
Heart rate, beats/min 61 (55–71
Sinus rhythm 230 (96.2)
Scan length, mm 129 (119–1
Scanning technique
Spiral scan mode 232 (97.1)
Sequential scan mode 7 (2.9)
ECG-dependent dose modulation 229 (95.8)
CT scanner
General Electric 64-slice CT 33 (13.8)
Siemens dual-source 64-slice CT 206 (86.2)
Data are presented as n (%) or median (interquartile range). General Electric He
BMI  body mass index; CT  computed tomography; ECG  electrocardiog
Table 2. Quantitative Image Quality Parameters
120 kV
Image noise (HU) 19 (16–22)
Signal intensity (HU) 352 (310–399)
Signal-to-noise ratio 18.4 (15.4–22.7)
Contrast-to-noise ratio 13.6 (10.9–17.3)Data are presented as median (interquartile range).ith a 100- and 120-kV tube voltage protocol,
espectively.
I S C U S S I O N
n recent years, CCTA has evolved as a useful
oninvasive imaging modality with a very high
iagnostic accuracy for the detection of obstructive
oronary artery disease (9–11). In addition, CCTA
as been shown to have a prognostic impact in the
valuation of patients with chest pain symptoms
12). However, the associated exposure to ionizing
adiation has raised concerns. Consequently, several
echniques to reduce radiation exposure during
CTA have been developed, in pursuit of the
ltimate goal of obtaining diagnostic CCTA im-
ges with the lowest possible radiation dose.
The international PROTECTION I study,
hich is a prospective multicenter survey study on
adiation dose of CCTA in daily practice, revealed
median dose of 12 mSv (interquartile range: 8 to
8 mSv) for CCTA with a large 6-fold variation in
ose between study sites (4). In addition, this study
dentified independent predictors for the extent of
t Study Sites That Applied a Reduced Tube Voltage of 100 kV
100 kV p Value
82
1.70 (1.65–1.77) 0.274
72.0 (63.0–77.0) 0.001
24.2 (22.8–25.9) 0.001
62 (56–68) 0.978
81 (98.8) 0.252
125 (118–134) 0.112
0.402
78 (95.1)
4 (4.9)
78 (95.1) 0.791
0.852
12 (14.6)
70 (85.4)
are: Waukesha, Wisconsin; Siemens Medical Solutions: Forchheim, Germany.
y.
100 kV p Value
24 (21–28) 0.001
477 (434–527) 0.001
19.9 (15.9–23.5) 0.254
15.1 (11.8–18.6) 0.027ed a
.79)
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944CTA radiation exposure. Among these factors,
ata acquisition with the use of a 100-kV tube
oltage protocol was an independent predictor for
educed estimates of radiation exposure. Therefore,
he current report investigates the impact of a
00-kV scan protocol for CCTA on radiation dose
nd image quality in more detail in a pre-specified
ubgroup analysis of the PROTECTION I study.
In the PROTECTION I study, the use of the
00-kV tube voltage protocol was associated with
3% reduction in radiation dose, when compared
ith the conventional 120-kV scan protocol. Re-
ucing tube voltage is that effective, because radia-
ion dose changes approximately with the square of
he tube voltage (13). The use of the 100-kV tube
oltage was associated with a 26.3% increase in
mage noise, but signal-to-noise as well as contrast-
o-noise ratios also increased by 7.9% and 10.8%,
espectively, due to an increased signal intensity by
5.6%. These findings are in concordance with a
ecent publication of Leschka et al. (7), who de-
cribed significantly higher image noise and
ontrast-to-noise ratio with a reduced tube voltage
n a small group of patients, while estimated effec-
ive radiation dose was lowered by 25% to 51%. The
mprovements in signal- and contrast-to-noise ra-
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Diagnostic Image Quality Score Depending on Tube Voltage
dicating a comparable image quality score in the 120-kV and
dy groups (p  0.22). Diagnostic image quality was assessed by
nced coronary computed tomography angiography investigator
oint score (1: nondiagnostic to 4: excellent image quality).ios might be more relevant for CCTA reading Chen compared with the increased image noise,
hich has primarily an impact on the aesthetic
ather than on the diagnostic image quality. In fact,
t might be speculated that the higher signal- and
ontrast-to-noise ratios with the 100-kV scan pro-
ocol might even improve the delineation of coro-
ary lumen stenosis (e.g., in calcified lesions). How-
ver, this could not be investigated in the current
tudy.
More importantly, the qualitative assessment of
iagnostic image quality did not differ between
atients scanned with 100-kV tube voltage and
hose scanned with 120-kV tube voltage. A com-
arable median score of 3.5 [3.25 to 3.75] versus 3.5
3.0 to 3.75] was obtained for 100-kV vs. 120-kV
cans, respectively (p 0.22), applying the sensitive
rading score for diagnostic image quality. Cer-
ainly, the present analysis is limited by the non-
andomized study design of this dose survey study
nd a potential selection bias; however, the consis-
ency of these results with previous publications still
upports a broader applicability of a reduced
00-kV tube voltage protocol in daily practice until
rospective randomized data become available.
Because image noise increases with body weight,
he 100-kV scan protocol was applied in patients
ith a significantly lower body weight. On the basis
f the current results and our own experience with
100-kV tube voltage, this scan technique can be
ecommended for nonobese patients (e.g., body
eight85 to 90 kg or BMI30 kg/m2), depend-
ng on the individual chest physiognomy. In the
ROTECTION I study, the 100-kV tube voltage
as applied in only 4.2% of the entire study
opulation. However, when applying a weight
hreshold 90 kg or BMI threshold 30 kg/m2,
8.9% or 81.8% of the PROTECTION I patients
ould have qualified for a 100-kV CCTA scan
rotocol, respectively. This underlines the enor-
ous potential for radiation dose reduction with
he use of a reduced tube voltage. Recent data from
small group of patients suggest that tube voltage
an even be reduced to 80 kV in slim patients with
body weight 60 kg (6). With a tube voltage of
0 kV, radiation dose was reduced by 88% when
ompared with a 120-kV scan protocol without
mpairing image quality. However, an 80-kV tube
oltage was not applied in any of the PROTEC-
ION I patients; accordingly no conclusions can be
ade from the PROTECTION I study in this
espect.
The low frequency of 100-kV tube voltageFigure 2.
Boxplots in
100-kV stu
an experieCTA studies in the PROTECTION I study can
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945e explained by 3 main reasons: 1) the scan proto-
ols recommended by CT-manufacturers usually
pply 120 kV; 2) some CT scanners do not support
he use of a 100-kV scan protocol for CCTA; and
) supposedly, many CT radiographers did not
onsider lowering the tube voltage. Thus, it could
e an imaginable approach in the future that the
T scanning software would propose optimal scan
rotocols for individual patients. The scanning
oftware could suggest, on the basis of entered data
f body weight and height or on the basis of
ophisticated analysis of attenuation data during
opogram acquisition, ideal settings for tube voltage
nd current to maintain the diagnostic image qual-
ty and an acceptable level of image noise at the
owest possible radiation dose. In addition, future
canner software might even suggest scan protocols
or further radiation dose reductions on the basis of
eart rate and heart rate variability, such as prospec-
ive ECG-triggered sequential scan algorithms as
ompared with conventional ECG-gated spiral data
cquisition. The combination of both ECG-
riggered sequential scanning with a 100-kV tube
oltage is a conceivable approach, which might
Figure 3. Representative Coronary Computed Tomography Ang
Curved-planar maximum intensity projections of the right coronary
artery (C, F) demonstrating the image quality of the 100-kV (A to C
hence illustrating the higher attenuation in the 100-kV scan protocoesult in even further reduced radiation dose esti- aates for CCTA (e.g., below 3 mSv) in many
atients (14).
tudy limitations. The PROTECTION I study was a
onrandomized survey study; accordingly, the scan-
ing protocol including selection of the tube voltage
as at the discretion of the performing physician,
ntroducing a potential selection bias. Besides, the
tated radiation doses comprise the estimated dose of
he CCTA scan, thus without taking into account the
ontributions of the topogram, scan for calcium scor-
ng, and test bolus to the total dose. Furthermore, the
iagnostic accuracy of CCTA for the detection of
bstructive coronary stenosis when compared with
nvasive coronary angiography was not investigated.
owever, as pointed out before, it might be that the
mproved signal- and contrast-to-noise ratios with the
00-kV scan protocol result in an improved assess-
ent of lesion severity. For further investigation of the
00-kV scan protocol, prospective randomized data
re needed.
O N C L U S I O N S
he 100-kV tube voltage scan protocol is a feasible
ams Demonstrating the Image Quality in Both Study Groups
ry (A, D), the left descending artery (B, E), and the left circumﬂex
d the 120-kV protocol (D to F) at identical window levels andiogr
arte
) anpproach to reduce radiation exposure of CCTA in
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946ppropriately selected nonobese patients. When
ompared with conventional data acquisition with
20-kV, the 100-kV scan protocol was associated
ith a 53% reduction in radiation exposure with a
edian radiation dose estimate of only 6 mSv.
mportantly, the current data provide further sup-
ort that the diagnostic image quality is main-
ained. Thus, the subgroup analysis of the PRO-
ECTION I study demonstrates that radiation2006;48:1475–97. coronary angiograppplying the currently available 100-kV tube volt-
ge scan protocol.
cknowledgment
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tudy.
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